We investigated relationships between early growth and proximal femoral geometry at age 6 y in a prospective population-based cohort, the Southampton Women's Survey. Methods: In 493 mother-offspring pairs, we assessed linear size using high-resolution ultrasound at 11, 19, and 34 wk gestation (femur length) and at birth and 1, 2, 3, 4, and 6 y (crownheel length/height). SD scores were created and conditional regression modeling generated mutually independent growth variables. Children underwent hip dual-energy X-ray absorptiometry (DXA) at 6 y; hip structure analysis software yielded measures of geometry and strength. results: There were strong associations between early linear growth and femoral neck section modulus (Z) at 6 y, with the strongest relationships observed for femur growth from 19 to 34 wk gestation (β = 0.26 cm 3 /SD, P < 0.0001), and for height growth from birth to 1 y (β = 0.25 cm 3 /SD, P < 0.0001) and 1 to 2 y (β = 0.33 cm 3 /SD, P < 0.0001), with progressively weaker relationships over years 3 (β = 0.23 cm 3 /SD, P = 0.0002) and 4 (β = 0.10 cm 3 /SD, P = 0.18). conclusion: These results demonstrate that growth before age 3 y predicts proximal femoral geometry at 6 y old. These data suggest critical periods in which there is capacity for longterm influence on the later skeletal growth trajectory.
r isk of osteoporotic fracture in adulthood is strongly associated with bone mass (a composite measure with contributions from both size and volumetric density) (1); more recently, it has been recognized that the shape of the proximal femur is an additional risk factor for femoral neck fracture (2-7). There is accumulating evidence that adult bone mass (8) and risk of hip fracture might be partly dependent on growth in early life (9, 10) and that this relationship might be mediated partly through an effect on the geometry of the proximal femur assessed by dual-energy X-ray absorptiometry (DXA) techniques in older age (11) . We reasoned that if this hypothesis were correct, then such relationships between early growth and proximal femoral geometry might already be manifested in childhood. Although data are scant, there is some evidence that proximal femoral shape might be modified by postnatal exposures such as physical activity in young childhood (12) ; furthermore, we have demonstrated that the longer-term trajectory of skeletal growth might be influenced by factors acting in utero or in early childhood (13) (14) (15) (16) (17) . Finally, we have found that growth velocity at different points in development through intrauterine and postnatal life is associated with bone mineral accrual by 4 y old (18, 19) . Taking these childhood findings together with the previously observed associations between early growth and adult hip geometry, we hypothesized that growth velocity in utero and early childhood might positively predict measures of femoral neck strength, assessed by DXA at 6 y old, in children born to the Southampton Women's Survey, an ongoing longitudinal mother-offspring cohort.
RESULTS

Characteristics of the Children
There were 493 children (255 boys) with complete usable DXA data. The characteristics of the mothers and children are shown in Tables 1 and 2 , respectively.
As compared with the mothers of children born to the Southampton Women's Survey during the same time frame but who did not have DXA scans at 6 y, the mothers of children who did have DXA assessments were, on average, slightly older at the birth of their child (mean age 30.3 vs. 30.0 y, respectively, P = 0.07), better educated (60% with higher degree vs. 55%, respectively, P = 0.045), and smoked slightly less (43% smoked before pregnancy vs. 48%, respectively, P = 0.081).
Linear Growth and DXA Measurement of Hip Size, Density, and Strength at 6 y After adjustment for child's age, sex, and milk intake, linear growth at all fetal and infant time intervals was positively related to total hip bone area and bone mineral content (BMC), and to femoral narrow neck cross-sectional area, cross-sectional moment of inertia, and section modulus (Z). These results are summarized in Table 3 and Figure 1 . Z was associated most strongly with growth in late gestation (19-34- aBMD, areal bone mineral density; BA, bone area; BMC, bone mineral content; CSA, cross-sectional area; CSMI, cross-sectional moment of inertia; CT, cortical thickness; scBMC, size-corrected BMC; Z, femoral neck section modulus.
*P < 0.05; **P < 0.01; ***P < 0.001. /SD, P = 0.18). Relationships between growth and size corrected measures of bone mineral (areal bone mineral density and size-corrected BMC) were rather weaker, the most robust association being between areal bone mineral density and linear growth in the second year of postnatal life. Cortical thickness at the femoral narrow neck was positively associated with linear growth from 19 to 34 wk (β = 0.22 cm/SD, P = 0.0002) and from 1 to 2 y (β = 0.22 cm/SD, P = 0.0002). Relationships between growth and cross-sectional area, cross-sectional moment of inertia, and Z at the intertrochanteric site were similar to those observed at the narrow neck site. These associations were similar when analyzed separately by offspring sex. Figure 2 summarizes the percentage of subjects who remained in the same third of the length growth distribution over each subsequent growth period; this demonstrates a relatively steady crossing between thirds of the distribution antenatally but then a progressive decrease in crossing postnatally.
Influence of Maternal Anthropometry and Lifestyle, and Child's Body Composition
We investigated the role of parental factors, some of which have been previously associated with offspring intrauterine bone mineral accrual, that might influence fetal growth and childhood skeletal development through genetic and/or environmental effects (maternal height, ethnicity, social class, education, prepregnancy smoking and BMI, and triceps skinfold thickness, and walking speed and smoking in late pregnancy; and paternal height and BMI) together with offspring birth order. Of these, associations with early growth and 6-y DXAderived hip indexes were observed only for maternal height, and more weakly, for paternal height (Table 4) . Therefore, maternal height was positively related to growth up to 3 y, as 
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Articles well as to 6-y hip size, shape, and strength; paternal height was positively associated with growth in late pregnancy and the first year of postnatal life. The inclusion of parental height, however, as with all other parental measures and offspring birth order, did not materially alter the observed relationships between growth and 6-y hip bone outcomes. In further analyses including childhood body composition at age 6 y (percentage lean or percentage fat) as a covariate, relationships between early growth and 6-y hip structure remained robust.
DISCUSSION
We have demonstrated that early growth predicts proximal femoral size, mineralization, geometry, and strength at 6 y old, independent of current body composition. The relationships are particularly strong for linear growth in late pregnancy and in the first 2-3 y of postnatal life, suggesting that these might be critical periods in which there is capacity for long-term influence on the later skeletal growth trajectory. The strengths of our study included the recruitment of children from a free-living population cohort and use of objective measures of body composition and bone indexes. There are, however, several limitations to our study. Intrauterine ultrasound measurements are prone to a certain amount of error, but data were collected by two experienced operators following internationally agreed guidelines (20) and repeatability was good (coefficient of variation 0.6% for femur length). The children we studied in the current analysis represent a subset of the original cohort but did not differ at birth or 1 y old from those who did not undergo a 6-y visit. Mothers of children assessed at 6 y were similar to mothers of those children who were not assessed, but, on average, had slightly higher levels of education. The analysis is based on internal comparisons, however, and it is therefore difficult to envisage how this would have spuriously created an association between growth and hip geometry. Second, measurement of bone mineral in young children by DXA is impeded by their low absolute BMC and tendency to move. However, movement artifact was modest and uniform across the cohort. We used appropriate pediatric software and those few children with excessive movement artifact were excluded from the analysis. Studies of DXA in piglets in which true bone mass was quantified after ashing have demonstrated the accuracy of DXA assessment in small animals (21, 22) . The hip structure analysis software assumes a constant volumetric bone mineral density at the tissue level; this will systematically influence the absolute measurements obtained from the software but should have no effect on the ranking of the individuals, and therefore should not have influenced our results. Indeed, this technique has been used successfully in a young pediatric cohort (12). It is not possible, in this observational cohort study, to deduce whether observed relationships are causal, or whether they are explained by genetic or environmental factors or by an interaction between the two. Finally, owing to the high percentage of white mothers in the cohort (96%), our study was not powered to enable elucidation of any ethnicity-specific differences in the relationships between early growth and childhood hip geometry.
To our knowledge, this is the first longitudinal study to assess hip geometry assessed by DXA in relation to growth from early gestation to late infancy using objective measures such as ultrasound. Given the difficulties of setting up suitable prospective cohorts, many previous studies, particularly those of intrauterine growth, have been cross-sectional in nature. Much of the seminal work in this area has been carried out by Tanner and colleagues (23, 24) , using a combination of crosssectional measurements of postnatal fetal size at various gestations and longitudinal measurements of children. The patterns of growth deduced from such studies are compatible with the findings of our current and previous work (18) , in which we demonstrated positive associations between growth in linear size from 19 wk gestation to 3 y postnatal life and whole-body bone size, mineral content, and areal density. Similar to the relationships observed in our current study, the magnitude of the association reduced with each successive postnatal year. However, in this earlier study, we were not able to examine structural parameters at the hip.
On the basis of these and other studies, after peak growth velocity is achieved in the last trimester, there appears to be a period of growth velocity reduction, particularly for weight, in the very last part of pregnancy, followed by a further modulation of growth velocity over the first couple of years of life. This slowing in late pregnancy is thought to be a result of the increasing fetal size outstripping placental capacity and acts to limit fetal size, allowing the baby to be safely delivered through the birth canal (23) . Therefore, if a Shire horse is crossed with a Shetland pony, the offspring is born small when the mother is a Shetland pony and large when the mother is a Shire horse (25) . When the offspring is fully grown, it is a similar size from either combination, which is midway between the two parents. This late pregnancy deviation from the earlier growth trajectory appears to be sensitive to environmental factors such as maternal fat stores, physical activity, and smoking (14, 26) ; over the first 2 y of postnatal life, studies have demonstrated that a considerable proportion of infants change position in the size distribution relative to their peers (24, 27) . Clinical observations, results from analytical investigations such as the Karlberg infant-child-puberty model (28, 29) , and our current and previous data all suggest that the first 2-3 y of postnatal life are critical for setting up the later growth trajectory. Indeed, in our study, as in our previous work (18), the percentage of children who remained in the same third of the length distribution relative to their peers across each subsequent time interval increased progressively with each subsequent postnatal time interval, consistent with gradual settling onto a sustained childhood growth trajectory. Our previous work has suggested that growth in early life, both in utero and during infancy, predicts adult BMC (8, 30) as well as the risk of hip fracture (9, 10) . Furthermore, in a cohort of 333 adults from Hertfordshire aged 60-75 y, we found positive associations between weight at 1 y and femoral neck width and intertrochanteric cross-sectional moment of inertia, the former relationship persisting after adjustment for adult body size (11) . These results suggest that the associations between early growth and risk of hip fracture might be mediated by alterations to proximal femoral geometry. The shape of the proximal femur has been shown to predict fracture risk in adult populations (2-7); greater femoral neck length has consistently been associated with increased fracture risk, but relationships between incident fracture and femoral neck width have been reported in both directions (2) (3) (4) (5) . In those studies that have included derived measurements of mechanical strength, such as section modulus, these have generally been negatively related to future fracture risk (3) (4) (5) , as has cortical thickness (2-4). We believe that ours is the first study to look at growth prenatally and in early childhood in relation to later childhood bone geometry. Our current results are consistent with relationships between early growth and proximal femoral geometry manifesting at an early stage in postnatal life, and taken with the results from the Hertfordshire cohort (11), these associations may have important implications for risk of hip fracture in late adulthood.
There is some evidence that habitual physical activity and body composition during postnatal life may influence hip geometry (12) , but data from exercise intervention studies, although sometimes demonstrating a positive effect on bone mineral accrual (31, 32) , have not consistently shown effects on proximal femoral geometry (33) (34) (35) (36) . It is likely that, in contrast to mineralization, the shape of the hip requires a much longer time to change in response to modulation of physical activity than allowed for in these studies; alterations might therefore reflect ongoing loading from muscle related to habitual physical activity. However, the results we observed were not materially influenced by adjustment for whole-body percentage lean or fat mass at 6 y, consistent with a mechanism at least partly independent of current body composition.
In conclusion, we have identified periods of linear growth in late intrauterine and early postnatal life that are particularly strongly related to later proximal femoral size, mineralization, geometry, and strength at 6 y old, independent of childhood body composition. These findings are consistent with our previous data and both clinical and theoretical models of infant growth, and suggest that these might be critical periods in which there is capacity for long-term influence on the later skeletal growth trajectory and thus adult fracture risk.
METHODS
Participants
The Southampton Women's Survey is a prospective cohort study of 12,583 women aged 20-34 y recruited from the general population (37) . At enrollment, the participants were characterized in detail in terms of diet, lifestyle, health, physical activity (by intervieweradministered questionnaire), and anthropometric measurements. A total of 3,159 of these women were followed through a subsequent pregnancy and delivered a live-born infant. The children are being followed and characterized, with samples of children assessed at birth, and at 4 and 6 y, and in later childhood. Of the 1,268 eligible families contacted for a 6-y follow-up during the study period (6th birthday up to the end of 2009), 530 attended for DXA, forming the cohort presented in this article. The association between fat mass, bone size, and volumetric density in this cohort has been reported previously (17) .
Prenatal Ultrasound Scanning
Because this was a population survey, no inclusion criteria were set for the pregnancy study other than singleton pregnancy and ability to provide informed consent. At 11, 19, and 34 wk gestation, the women underwent high-resolution ultrasound scanning using a Kretz Voluson 730 (GE Kretz Ultrasound, Tiefenbach, Austria) system or an Acuson Sequoia 512 (Siemens, Erlangen, Germany) system; the two systems were cross-calibrated. After establishing correct positioning according to standard anatomical landmarks, measurements of crown-rump length (at 11 wk gestation) and femur length (obtained at 19 and 34 wk) were made on the frozen images using electronic calipers by the two operators, according to internationally accepted and validated methodology (20) . Each measurement was performed in triplicate, and the mean value was used for analysis.
Postnatal Growth
Crown-heel length at birth was measured using a neonatometer (Harpenden, Wrexham, UK). Children were assessed at 6 mo and at 1, 2, 3, 4, and 6 y with a home visit from a research nurse. Information on diet, lifestyle, illness, and medication was collected, and anthropometric measurements were performed. Crown-heel length at 1 y was measured using an infantometer (Seca, Birmingham, UK). Height was measured at 2 3, 4, and 6 y using a Leicester height measure (Seca).
6-y DXA Assessment
The mother and child were invited to visit the Osteoporosis Centre at Southampton General Hospital for the assessment of bone mass and body composition. At this visit, written informed consent for the DXA scan was obtained from the mother, father, or guardian. The child's height (using a Leicester height measure; Seca) and weight, using calibrated digital scales (Seca) were measured. Whole-body (including body composition) and total hip scans were obtained using a Hologic Discovery A instrument with APEX 3.0 software (Hologic, Bedford, MA). To encourage compliance, a sheet with appropriate pictures was laid on the couch, and to help reduce movement artifact, the children were shown a suitable DVD. The total radiation doses for the scans were as follows: whole-body (pediatric scan mode), 4.7 μSv, and hip, 7.3 μSv. The manufacturer's coefficient of variation for the instrument was 0.75% for whole-body bone mineral density, and the experimental coefficient of variation when a spine phantom was repeatedly scanned in the same position 16 times-in a single session with no repositioning-was 0.68%. All scans were checked for movement and clothing artifact, resulting in 493 scans suitable for analysis.
